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ABSTRACT 
 
Optimized concrete elements incorporating high-performance, self-consolidating concrete (HPSCC) prestressed 
with high-strength, lightweight, non-corroding carbon fibre reinforced polymer (CFRP) tendons offer great 
potential for the growing needs of sustainable modern built environment. However, the fire performance of 
these novel elements is not well known and must be understood before they can be used with confidence in 
applications where structural fire resistance is required. The outcomes and insights from an extensive 
experimental research project on the fire performance of thin CFRP prestressed concrete slabs are presented; fire 
and elevated temperature tests performed at the material and member levels, using novel testing methods and 
techniques, are examined. Analysis of the studies showed that: (1) a high propensity for heat-induced concrete 
spalling results in sudden failure of thin CFRP prestressed HPSCC slabs, and when spalling is avoided failure 
occurs by loss of prestress anchorage governed by a combination of degradation of the epoxy resin around the 
surface of the CFRP tendons and loss of the concrete’s confining action, due heat-induced transversal forces 
generated by the CFRP tendons; (2) polypropylene (PP) fibre cross-section and individual fibre length, when 
added to fresh concrete for spalling mitigation, have considerable influences on the effectiveness of PP fibres at 
reducing the propensity for heat-induced concrete spalling; (3) the tensile and bond strength of CFRP tendons is 
more sensitive to elevated temperature than that of the steel prestressing wire; (4) heat-induced transversal 
(splitting) forces are more likely for CFRP tendons. This extensive experimental programme reveals that 
conventional fire testing of structural concrete systems, conceived for traditional steel reinforced concrete 
structural elements, is not necessarily applicable for the design of highly optimized, CFRP prestressed HPSCC 
elements, and by extension for other similarly novel structural elements. 
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INTRODUCTION & BACKGROUND 
 
Driven by the need for more durable and sustainable concrete structures, there is a growing need for a careful 
selection, design, and optimization of concrete mixes and reinforcing materials used within the precast concrete 
industry. Concrete elements incorporating high-performance, self-consolidating concrete (HPSCC) and novel 
reinforcing and prestressing materials, such as carbon fibre reinforced polymer (CFRP) tendons are one such 
example (Terrasi, 2007). One example is the application of thin-walled elements as façade beams and columns 
in building envelopes (see Figure 1), and shows the potential of these structural elements to be widely used in 
the modern built environment. 
 
The combined use of CFRP and HPSCC enables the design of optimized, low-weight prestressed elements with 
reduced concrete cover and overall thickness (Seica & Packer, 2007); this gives excellent serviceability 
(corrosion resistance, high stiffness and fatigue strength). However, the performance of these elements in fire is 
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not well known (Maluk, 2014) and must be better understood before they can be used with confidence in load-
bearing applications where structural fire resistance is required. 
 
The HPSCC used for the elements discussed herein had strength class C90 (minimum 28 days 150 mm cube 
compressive strength of 90 MPa) and a slump flow of 750 mm. Given the high likelihood of spalling for this 
mix, due to its high strength and the inclusion of microsilica in the mix (CEN, 2004), PP fibres were included 
during concrete mixing. The pultruded uniaxial CFRP tendons used were made from Tenax UTS carbon fibres, 
at a fibre volume fraction of 64%, and Bakelite 4434 epoxy resin. Their design tensile strength was 2,000 MPa, 
with a design elastic modulus of 150 GPa and a characteristic ultimate strain of 1.33%. The quartz sand coating 
applied after the initial pultrusion process had an average grain size of 0.5 mm and was bonded using the same 
epoxy resin to promote a strong bond. The gross (or net) diameter of the CFRP tendons was 5.4 mm and the 
total diameter, including sand coating, was approximately 6.0 mm (see Figure 1).    
 
Figure 1 – Application of CFRP prestressed concrete L-shaped beams for structural façade elements in Zurich, 
Switzerland (Terrasi, 2007), and cross section schematic/photo of the CFRP prestressing tendon used in the 
current study. 
 
Despite the scarcity of work studying the fire behaviour of concrete structural elements incorporating fibre 
reinforced polymer (FRP) reinforcements, fundamental differences to traditionally reinforced concrete structural 
elements have been reported (Maluk, 2014). Two main failure mechanisms when FRP reinforcements are used 
have been identified to control the fire performance of reinforced or prestressed CFRP concrete elements: (1) 
the higher propensity of HPSCC for heat-induced spalling and (2) heat-induced loss of bond in anchorage/splice 
zones. 
 
Heat-induced Concrete Spalling 
 
Heat-induced concrete spalling may be described as the flaking away of the concrete cover at the exposed 
surface of heated elements (during a real fire or during fire testing) in a more or less violent manner (Maluk, 
2014). As a consequence, the concrete cover to the internal reinforcement is inevitably reduced, resulting in 
more rapid temperature increase of the reinforcement and within the core of the structural element. Spalling may 
also have direct impacts on the load bearing capacity of an element due to loss of effective cross section. 
Spalling therefore presents a potentially serious hazard for the fire performance of optimized, thin-walled 
elements such as those described herein. 
 
Loss of Bond in the Anchorage Zone 
 
Reductions in bond strength between traditional steel reinforcement and concrete are not generally considered to 
be a governing factor for the fire resistance of steel reinforced or prestressed concrete elements (Katz & Berman, 
2000). Conversely, for FRP reinforcements it has been shown that bond strength degradation between FRP 
tendons and concrete at elevated temperature can be more critical than loss of FRP tensile strength (Bisby & 
Kodur, 2007). Thus, bond strength reductions are widely considered a limiting factor for the fire safe structural 
design of FRP reinforced and/or prestressed concrete elements. The magnitude of bond strength reductions and 
their impacts on the performance of FRP reinforced or prestressed concrete structures in fire remain largely 
unknown and have not been clearly demonstrated for many relevant applications. 
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Design codes for the design of FRP reinforced or prestressed concrete structures typically assume perfect bond 
between FRP reinforcement and concrete for ambient temperature analysis and design (e.g. (FIB, 2006)). The 
bond strength of FRP reinforcements relies primarily on the strength and stiffness of the epoxy resin at the 
surface of the reinforcement, which normally incorporates a sand coating, spiral fibre roving, and/or a ribbed 
shaped resin. However, the resin at the surface of the FRP tendon will soften at temperatures below 200°C for 
most available products (Maluk et al., 2011); hence the assumption of perfect bond at elevated temperature is 
not appropriate. 
 
Furthermore, FRP reinforcements exhibit vastly different coefficients of thermal expansion (CTEs) in their 
longitudinal and transverse directions, and these also differ substantially to that of concrete. For example, CFRP 
reinforcements tend to have lower (even negative) CTEs in the longitudinal direction, while in the transverse 
direction their CTEs are governed by the matrix polymer and can be up to an order of magnitude larger than for 
concrete. The CTE for FRPs is traditionally examined in the range of temperatures before decomposition of the 
matrix polymer; i.e. less than 300-350°C (Maluk, 2014). 
 
Some prior studies have aimed at understanding the effects of differential thermal expansion between FRP 
reinforcements and concrete (e.g. (Aiello et al., 2001)). It is thought that the development of heat-induced 
transversal forces leads to the development of longitudinal splitting cracks along the reinforcement, and possibly 
to loss of the concrete cover’s ability to provide sufficient confining action for anchorage to be maintained. It is 
expected that this would be exacerbated by large in-depth temperature gradients in the concrete during fire 
(Maluk, 2014). 
 
RESEARCH SIGNIFICANCE 
 
It is widely perceived that reinforced or prestressed concrete structural elements incorporating FRP 
reinforcements have lower fire resistance than equivalent steel reinforced or prestressed elements (Terrasi et al., 
2012). However, comparatively few comprehensive fire studies have ever been performed on these novel 
elements; little is known about the true response of these elements during fire. The current paper presents results 
from a suite of seven experimental research projects shedding light on the relative importance of understanding, 
from first principles, the fire behaviour of thin CFRP prestressed HPSCC elements. 
 
TEST METHODS AND RESULTS 
 
The outcomes of seven linked experimental research projects performed by the authors are presented and 
examined. Tests carried within these projects were performed at varied scales and employed a wide variety of 
experimental techniques, all aimed at a better understanding the fire behaviour of CFRP prestressed slabs. 
 
Study #1: Large-scale furnace tests 
 
A series of standard large-scale furnace tests (i.e. fire resistance tests) were performed during 2009 and 2010 
(Terrasi et al., 2012), and an additional test was executed in 2013 (Maluk et al., 2015). During each of these 
tests, five large-scale, loaded CFRP prestressed HPSCC slabs were tested simultaneously in a single standard 
floor furnace test (see Figure 2) at the Swiss Federal Laboratories for Materials Science and Technology 
(EMPA). The design of the slabs was aimed to evaluate a range of design parameters relevant to CFRP 
prestressed slabs: 
x inclusion of PP fibre type (monofilament, multifilament, and fibrillated) 
x inclusion of PP fibre cross-section (18 or 32 μm circular, or 37 × 200 μm2 rectangular); 
x inclusion of PP fibre length (3, 6, 12, or 20 mm); 
x inclusion of PP fibre dose (between 0 and 2.43 kg of PP fibres per m3 of concrete); 
x age of concrete concrete (between 0.9 to 22.3 months); 
x overall slab depth (45, 60, or 75 mm); 
x length of unheated overhangs (160 or 280 mm); 
x initial prestress level (800, 1000 or 1200 MPa); and 
x presence of CFRP anti-bursting grids within the anchorage zones. 
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The initial prestress level was calculated based on the gross cross-sectional area of the tendons; i.e without 
considering the layer of sand coating (see Figure 1). It is noteworthy to point out that for prestressed concrete 
elements, the ends the slabs are commonly labelled as active end (stressing end) and passive end (dead end). All 
CFRP tendons were located at the slab mid-depth, with a tolerance of ±2 mm, to obtain a nominally concentric 
prestressing force. All slabs were 200 mm wide. Lateral clear concrete cover at the slab edges was 22 mm in all 
cases, with a tendon-to-tendon clear spacing of 44 mm. 
 
 
Figure 2 – Photo of a fire resistance test setup showing positions each slab and loading technique used. 
The furnace test setup aimed at assuring one-sided heating from below, so the sides of the specimens were fully 
insulated. The heating regime was executed according to the requirements of the standard time-temperature 
curve (CEN, 2012). Sustained mechanical loading was applied to simulate an in-service condition for the slabs, 
in simply-supported four-point bending. The applied load was designed to be sufficient to achieve 
decompression at the extreme tension fibre within the constant moment region; this corresponds to a typical 
design service load condition for a façade element of this type in a real building (Terrasi, 2007). Loading was 
imposed 30 minutes prior to start of heating. 
 
A detailed description of the test setup and analysis of the results from all of the large-scale furnace tests 
performed are thoroughly presented elsewhere (Terrasi et al., 2012; Maluk et al., 2015). During testing, slabs 
were instrumented with: 
 
Temperature gauges inside the slabs – Through-thickness temperature measurements were taken at midspan at 
eleven depths from the exposed surface of each of the slabs. Temperature measurements were also taken at 
several locations in the anchorage zones along the lower edge of one of the central CFRP tendons. Bare K-type 
thermocouples (TCs) were used in all cases, and special care was taken during the casting process to ensure 
precise placement of the TCs at the intended locations inside the slabs. 
 
Midspan vertical displacement gauges – Midspan vertical deflection was measured using linear voltage 
displacement string pot transducers, anchored on a beam resting on top of the furnace. 
 
Draw-in gauges – Aiming to measure possible draw-in of the CFRP tendons during testing, due to loss of 
anchorage, semi-disposable custom-built “pi” displacement gauges (pi-gauges) or laser reflectometers were used. 
These were placed at either end of the slabs (active and passive ends). 
 
For all slabs tested (five slabs in each of the six furnace tests executed), time-to-failure occurred anywhere 
between 12 and 90 minutes from the start of the test. Some slabs were able to carry their sustained service load 
for more than 90 minutes of fire exposure, at which point the tests were halted. Failure of the slabs was driven 
by one of two phenomena: 
Slab #5 
Slab #1 
Slab #2 
Slab #3 
Slab #4 
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x multiple (or in some cases even a single) heat-induced spalling events, which resulted in total collapse of 
the test specimen (see Figure 3), or 
x progressive loss of bond in the anchorage zones, leading to more gradual collapse of the test specimen (see 
Figure 4). 
 
 
Figure 3 – Heat-induced concrete spalling and immediate collapse of a slab, 12 min from the start of the test. 
 
During progressive loss of bond in the anchorage zone the following events were identified: 
 
Increase in the rate of midspan deflection – This occurred when the temperature of the CFRP tendons at 
midspan was about 310°C (see Figure 4). The temperature of the CFRP tendons at the anchorage zone (200 mm 
from the end of the slab) at this moment was about 70-80°C for the 45 mm thick slabs, and 120-130°C for the 
60 mm thick slabs. 
 
Appearance of the first longitudinal splitting crack at the unexposed surface – This occurred when temperature 
of the CFRP tendons at midspan was between 320 and 390°C (refer to Figure 4), regardless of the temperature 
in the unheated overhangs. Longitudinal splitting cracks were first observed at the unexposed surface (i.e. top 
surface), near the midspan region. 
 
Failure (i.e. collapse) – The midspan temperature of the CFRP tendon at failure of the slabs was higher for slabs 
that incorporated CFRP grids within the anchorage zones. Slabs which had no CFRP grids failed when the 
temperature of the CFRP tendons at midspan was about 460°C, while the same occurred when temperature of 
the tendons at midspan was about 590°C for slabs including CFRP grids in their anchorage zones. 
       
Figure 4 – Typical longitudinal splitting cracks at the unexposed surface of heated slab shortly before failure and 
variation of midspan vertical displacement with temperature of the CFRP at midspan. Data in the graph 
corresponds to identical CFRP prestressed HPSCC slabs with 160 mm unheated overhangs and an initial 
prestress of 1000 MPa, but varying overall slab depth and presence of CFRP anti-bursting grids within the 
anchorage zones. 
 
45 mm 
(without CFPR grid) 
60 mm 
(with CFPR grid) 
45 mm 
(with CFPR grid) 
 
Spalled debris 
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Study #2: Heat-induced spalling tests 
 
For this study, a H-TRIS (Heat-Transfer Rate Inducing System) test method and apparatus was used for 
studying the propensity for heat-induced spalling of concrete for medium-scale specimens cast with different 
concrete mixes (see Figure 5). Rather than taking the traditional approach of fire testing by controlling the gas 
temperature inside a fire testing furnace, the H-TRIS test method permits direct and independent control of the 
thermal boundary conditions; it does this by controlling the time-history of incident radiant heat flux at the 
exposed surface of a test specimen (Maluk et al., 2015). 
 
The imposed thermal boundary conditions were aimed at replicating the in-depth heating conditions (i.e. in-
depth thermal gradients) experienced by concrete specimens that had previously been measured during the 
large-scale fire resistance tests of similar specimens and concrete mixes (above and (Maluk, 2014)). The 
specified time-history of imposed incident radiant heat flux aimed to give equivalent in-depth temperature 
distributions within the concrete as measured during the fire resistance tests. A detailed description of the test 
setup and analysis of the results of the heat-induced spalling tests is presented elsewhere (Maluk et al., 2015). 
        
  (a)   (b)  (c) 
Figure 5 – Photograph of (a) H-TRIS during testing of medium-scale concrete slabs, (b) a typical specimen after 
spalling, and (c) a typical specimen after the formation of longitudinal splitting cracks. 
Medium-scale unreinforced and unstressed concrete specimens were tested using H-TRIS in a vertical 
orientation, with heating from one side (see Figure 5). Recognising that scaling of test specimens in structural 
fire resistance testing is debated on various grounds (Maluk, 2014), sample dimensions in the direction of the 
principal heat flow were taken as the same as those used for the prior large-scale furnace test specimens. Thus, 
medium-scale specimens had 45 × 200 mm2 cross-sections and an overall length of 500 mm. 
 
Specimens were tested either under a free-to-expand (unrestrained) condition or under sustained compressive 
load to simulate prestressing. Based on prior research (Maluk, 2014), the service pre-compressive stress within 
the concrete at the end of a prestress transfer zone was conservatively defined as 12.3 MPa (i.e. prestressing 
losses due to elastic shortening, shrinkage, creep effects, and thermally induced prestressing forces were 
neglected). This concentric compressive load was applied using notionally rotationally fixed-fixed end 
conditions. Load was held constant for the duration of the tests using a hydraulic load control system (i.e. the 
applied compressive load was maintained, counteracting potential effects from thermal expansion and elastic 
modulus changes of the test specimen during heating). Unloaded test specimens were left free-to-expand (under 
rotationally fixed-fixed end conditions). All tests were performed in triplicate for each specific concrete mix and 
restraint condition. 
 
This study confirmed that the inclusion of PP fibres has a positive effect on reducing the propensity for heat-
induced concrete spalling. Additionally, test results showed that: (1) inclusion of PP fibres with smaller cross-
sections has a positive influence in reducing the propensity for spalling; (2) mixes cast with relatively short (3 
mm long) PP fibres exhibit a higher propensity for spalling than practically identical mixes (equivalent PP fibre 
dose) with longer PP fibres (6 or 12 mm long); (3) monofilament or multifilament PP fibres type showed a 
lower propensity for heat-induced concrete spalling relative to those cast with fibrillated PP fibres; and (4) 
specimens in which spalling occurred under sustained compressive stress also suffered from spalling when 
tested under a free-to-expand conditions. 
Test 
Specimen 
Radiant 
Panel Array 
Linear 
Motion System 
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Study #3: Pullout tests 
Pullout specimens, which are shown schematically in Figure 6, consisted of concrete cylinders with diameters of 
100 mm and lengths of 250 mm. Each cylinder had a single embedded prestressing bar (CFRP or steel). The 
casting moulds were designed in such way that the reinforcement was placed vertically and axisymmetrically. 
Bond breaker was placed over the top and bottom 50 and 40 mm of the bonded length within the cylinders, 
respectively. The bonded length was chosen as 160 mm because this was determined to be the prestress transfer 
length for the CFRP tendons at ambient temperature, as measured in prior research (Maluk et al., 2011). Special 
consideration was given to the procedure used for accurately measuring of the slip of the reinforcement at both 
the loaded and free ends of the cylinders – a novel digital image correlation analysis technique was used (see 
Figure 6). The image correlation technique was verified using conventional linear potentiometers (LPs), which 
were also used to measure slip at both ends. Temperatures were measured along the bonded length with 
embedded thermocouples. 
 
Examination of the pullout test results showed that the bond strength capacity of CFRP tendons proved to be far 
more sensitive than the tensile strength at elevated temperatures. Furthermore, various aspects of bond 
performance at elevated temperature, for both CFRP tendons and steel wires, remain poorly understood and 
require additional investigation. A detailed description of the test setup and analysis of the results of the pullout 
tests is also presented elsewhere (Maluk et al., 2011). 
 
Figure 6 – Schematic of pullout test setup. 
Study #4: Tensile Strength Tests 
 
The tensile strength of both steel and CFRP reinforcements is reduced at elevated temperatures. For cold-drawn 
steel prestressing wire, the relationship between tensile strength and temperature is relatively well established 
and is available, for example, in Eurocode 2 (CEN, 2004). However, the effects of elevated temperature on the 
tensile strength of the CFRP prestressing tendons used in the current study were not known. Transient elevated 
temperature tensile strength tests (load-then-heat) were performed for both the steel wires and the CFRP tendons 
at sustained stress levels of 800, 1000 MPa, and 1200 MPa. The wires/tendons were loaded under displacement 
control at ambient temperature, and the load was maintained while the tendon was heated at 10 °C/min until 
tensile failure occurred. It is noteworthy that the anchorages were protected from exposure to elevated 
temperature throughout the testing (the grips were outside the thermal chamber). 
 
Figure 7a presents the results the elevated temperature tensile strength results for the CFRP tendons. Also 
included in this figure are the results of thermogravimetric analysis (TGA) performed on the CFRP material; 
this is explained and discussed under Study #5. Figure 7a shows that the CFRP tendon also experiences 
considerable reductions in tensile strength with exposure to elevated temperature. On average, the CFRP tendon 
is slightly more sensitive to elevated temperature than the steel wire, experiencing failure at temperatures about 
10 to 50 °C lower than the steel at the same stress level. Since the tensile strength of the CFRP is clearly less 
sensitive to the effects of elevated temperature than its bond strength, the conventional design methodologies 
applied to steel prestressed concrete cannot be applied to CFRP prestressed concrete (indeed, there is some 
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evidence that the conventional approach for steel prestressing may require re-evaluation, since the bond of steel 
prestressing wire to concrete is also sensitive to elevated temperature exposure). 
Figure 7b shows the ultimate tensile strength reduction curve recommended by Eurocode 2 (CEN, 2004) for 
Class A cold-drawn prestressing steel. It is clear from this figure that prestressing steel suffers considerable 
reductions in tensile strength at elevated temperature. The figure also shows, as expected, that the Eurocode 2 
(CEN, 2004) tensile strength reduction recommendations are conservative (by about 50 to 100 °C) with respect 
to the testing methods and materials used in the current study.  
 
Figure 7 – Transient elevated temperature tensile strength test results for (a) CFRP tendons and (b) steel wires, 
compared with TGA results (Study #5) and Eurocode (CEN, 2004), respectively. 
Study #5: Micromechanical tests 
 
Test results from a Dynamic Mechanical Analysis (DMA) are widely used to define the upper temperature 
limits for FRP materials used in infrastructure applications (ACI , n.d.); for instance in terms of the glass 
transition temperature (Tg) of the polymer resin matrix. DMA was used to measure the value of Tg-onset for the 
CFRP tendons used herein. The measured Tg-onset was 121 °C. It is worth highlighting that a variety of other 
definitions for Tg may also be used with a DMA analysis (Tan δ peak, for instance) depending on the particular 
industry and jurisdiction (Maluk et al., 2011). The DMA, which in essence measures the viscoelastic response of 
materials as a function of temperature, was used testing rectangular cross section CFRP specimens of 2x4 mm, 
15 mm long cut from a CFRP tendon and subjected to single cantilever sinusoidal loading. The loading 
frequency was 1 Hz and the heating rate was 3 °C/min. 
It was desired to determine if there is any obvious relationship between either Tg-onset or the measured reductions 
in the storage modulus of the resin and the bond strength (or tensile strength) of the CFRP prestressing tendons. 
A thorough analysis of these test results, presented elsewhere (Maluk et al., 2011) showed that that the 
relationship between polymer resin stiffness and bond strength is much more complex than can be defined 
simply with reference to Tg.  
A Thermo-gravimetric Analysis (TGA), which in essence measures the mass loss of a test specimen during its 
increase in temperature, as performed on a small, 46.3 mg specimens cut from the CFRP tendons. The goal of 
this test was to examine if the temperature of resin decomposition, Td-onset, could be used to provide an indication 
of the temperatures which may lead to tensile failure of the CFRP tendons under service prestress levels (see 
Figure 7). A heating rate of 20 °C/min was used. Previous research has shown that while the polymer resins 
used in FRP manufacturing are sensitive to temperatures in the range of 45-100 °C (Maluk et al., 2011), carbon 
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fibers are essentially insensitive to temperatures as high as 600 °C. However, interaction between the fibers in 
an FRP component is essential to provide stress transfer between individual fibers and to prevent failure of the 
bulk material upon loading.  
 
Study #6: Heat-induced transversal forces tests  
 
The H-TRIS test method used within Study #2, was used for studying the effect of heat-induced transversal 
forces due to the differential thermal expansion between CFRP tendons or steel wire, and concrete. These tests 
were performed on unstressed, reinforced test medium-scale specimens (see Figure 5). Tests were continued for 
a total duration of 60 minutes. The specimens were placed in the supporting frame (see Figure 5) and subjected 
to heating so as to generate the same thermal gradients as would have been experienced in the midspan region of 
the large-scale specimens tested in the fire testing furnace. 
During testing, the exposed and unexposed surfaces of the medium-scale specimens were monitored for surface 
longitudinal splitting cracks. Longitudinal splitting cracks at the unexposed surface of the specimens appeared at 
about 12 minutes from the start of the tests. Figure 5 shows photographic evidence of the longitudinal splitting 
cracks at the unexposed surfaces of the CFRP reinforced specimens after cooling. It is noteworthy that no 
surface longitudinal splitting cracks were observed at the exposed or unexposed surfaces of the steel reinforced 
medium-scale specimens. The temperature of the CFRP tendons was about 150°C is when surface cracks were 
first observed at the unexposed surface of all the specimens tested. At the exposed surface, no visible cracks 
were observed, however flames were observed 27-32 minutes from the start of the test, the moment at which the 
temperature of the CFRP tendons was about 300-350°C. 
 
Study #7: Thermal Expansion Tests 
 
Measurements on the transversal coefficient of thermal expansion (CTE) of CFRP tendons were performed in 
accordance with the relevant ASTM test standard (ASTM , 2006); between 20 and 260°C. Decomposition of the 
CFRP’s epoxy resin matrix was observed at higher temperatures. The measured thermal elongation (∆l/l) in the 
transversal direction of the CFRP tendons is shown in Figure 8. Also, Figure 8 shows the thermal elongation for 
prestressing steel and concrete (with siliceous aggregate) prescribed in typical design guidelines (CEN, 2004). 
Results from these measurements show that thermal elongation in the transverse direction is considerably higher 
than that of concrete (or steel). 
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Figure 9: Measured thermal elongation of CFRP tendons in the transverse direction. 
OVERALL OUTCOMES AND CONCLUDING REMARKS 
The suite of work presented in this paper has demonstrated the high propensity for heat-induced concrete 
spalling and the complexities associated with structural failure due to loss of bond strength capacity of 
pretensioned CFRP tendons, both of which are relevant to the fire performance of thin CFRP prestressed 
concrete slabs, present designers and researchers with a number of significant challenges. Nevertheless, there is 
an opportunity to build on the development of a fundamental and practical understanding of the fire behaviour 
of these novel structural elements, and to use this knowledge to improve structural fire resistance design of all 
structural elements, both novel and conventional. In relation to the failure mechanisms of thin CFRP prestressed 
concrete slabs in fire, the overall outcomes of this broad experimental research project are: 
 
Heat-induced Concrete Spalling 
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Polypropylene fibres with reduced cross-section and/or large individual lengths showed a more negative 
influence on slump flow, compared to PP fibres with increase cross-section and short individual lengths. 
Inclusion of PP fibres showed no obvious influence on moisture content or compressive strength. Design code 
guidance on PP fibre inclusion is non-conservative and requires revision. 
 
Loss of Bond in the Anchorage Zone 
 
Whilst no attempt was made to individually identify the influence of thermo-mechanical bond degradation 
versus thermo-mechanically induced longitudinal splitting cracking on the loss of anchorage in CFRP 
prestressed HPSCC slabs, the tests confirmed that a combination of both mechanisms is likely relevant. 
Irrespective of all design parameters assessed in this study, loss of anchorage appeared to begin when the 
temperature at the lower edge of a central CFRP tendon at midspan was in the range of 310°C, regardless of the 
temperature at the unheated overhangs outside the heated span. This confirms the potential triviality of 
prescribing an unheated overhang length for the fire resistance design of precast CFRP prestressed HPSCC slabs 
(Terrasi, 2007). 
 
A proper understanding of the response of these elements is needed before they can be designed and 
implemented with confidence; this is unlikely to be achieved by performing additional standard fire resistance 
tests in furnaces. Both heat-induced concrete spalling and loss of anchorage are difficult to be rationally 
investigated with a low number of test specimens, despite considerable instrumentation during testing. What is 
needed is a fundamental scientific understanding of the thermal and mechanical fire behaviour of these elements 
at the material, member, and system levels; this can be accomplished using a range of conventional and bespoke 
test methods and procedures, many of which are now being used by the authors (e.g. (Maluk, 2014)). 
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